Obesity-related disorders are closely associated with the development of age-related hearing impairment (ARHI). Adiponectin (APN) exerts protective effects against obesity-related conditions including endothelial dysfunction and atherosclerosis. Here, we investigated the impact of APN on ARHI. APN-knockout (APN-KO) mice developed exacerbation of hearing impairment, particularly in the high frequency range, compared with wild-type (WT) mice. Supplementation with APN prevented the hearing impairment in APN-KO mice. At 2 months of age, the cochlear blood flow and capillary density of the stria vascularis (SV) were significantly reduced in APN-KO mice as compared with WT mice. APN-KO mice also showed a significant increase in terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive apoptotic cells in the organ of Corti in the cochlea at 2 months of age. At the age of 6 months, hair cells were lost at the organ of Corti in APN-KO mice. In cultured auditory HEI-OC1 cells, APN reduced apoptotic activity under hypoxic conditions. Clinically, plasma APN levels were significantly lower in humans with ARHI. Multiple logistic regression analysis identified APN as a significant and independent predictor of ARHI. Our observations indicate that APN has an important role in preventing ARHI. Age-related hearing impairment (ARHI) is characterized by progressive deterioration of auditory sensitivity associated with aging.
(statistically non-significant) increases in ABR thresholds at 8 kHz and 16 kHz. At 6 months of age, APN-KO mice exhibited significant increases in ABR thresholds at 8, 16 , and 32 kHz compared with WT mice at the ages of 2 months and 6 months, and APN-KO mice at the age of 2 months (Po0.01). Thus, APN-KO mice exhibit an early onset and progressive course of hearing impairment.
Reduced cochlear blood flow and capillary density of the SV in APN-KO mice. Because reduction of blood flow in the cochlea contributes to the progression of hearing impairment, we measured cochlear blood flow (CBF) using a laser-Doppler flowmeter. 20, 21 Quantitative analysis revealed that, at 2 months of age, APN-KO mice showed a marked reduction in CBF (42.1% ± 4.4%) as compared with WT mice (Figure 2a , n ¼ 3, Po0.05).
To investigate the extent of cochlear vessel formation at the microcirculatory level, capillary density was measured in histological sections from the SV of cochleae. Figure 2b shows representative photomicrographs of tissue immunostained for CD31 (arrows: capillaries in the SV). Quantitative analysis revealed that, at 2 months of age, the capillary density in the SV was significantly reduced in APN-KO mice as compared with WT mice (Figure 2b , right panel, n ¼ 4, Po0.05).
APN deficiency promotes apoptosis in the organ of Corti. Apoptosis is responsible for the damage to the organ of Corti caused by hypoxia. 20, 22 We performed TUNEL staining in the organs of Corti from WT and APN-KO mice at 2 months of age. Representative photographs of TUNEL-positive (green) nuclei in the organs of Corti at the basal turn are shown in Figure 3a . Higher proportions of TUNEL-positive hair cells were evident at the basal, middle, and apical turns of the organ of Corti in APN-KO mice as compared with WT mice. Furthermore, we assessed the effect of APN on caspase-3 activation in the organs of Corti from WT and APN-KO mice at 2 months of age by western blot analysis. The expression level of cleaved caspase-3 was greater in APN-KO mice than in WT mice (Figure 3b) .
To examine the effect of APN on apoptosis at the cellular level, auditory HEI-OC1 cells were subjected to hypoxia under conditions of serum deprivation in the presence of recombinant human APN or vehicle alone. Treatment with a physiological concentration of APN (30 mg/ml) significantly reduced the frequency of TUNEL-positive cells under hypoxic conditions (Figures 3c, Po0 .001). APN treatment also reduced the frequency of TUNEL-positive human umbilical vein endothelial cells (HUVECs), as previously described (Po0.01). 23 APN can promote apoptosis through modulation of AMP-activated protein kinase (AMPK) activity in various cell types. 23, 24 It has also been reported that AMPK deficiency increases noise vulnerability after acoustic overstimulation. 25 Thus, we investigated the possible participation of AMPK in the protective actions of APN on hypoxia-induced apoptosis in auditory HEI-OC1 cells (Figure 3d ). Treatment of HEI-OC1 cells with APN stimulated the phosphorylation of AMPK. Pretreatment with the AMPK inhibitor 'compound C' effectively suppressed the inhibitory effects of APN on apoptosis under hypoxic conditions (Figure 3e ). Figure 1 Hearing impairment in APN-KO mice has an early onset and a progressive course. ABR hearing thresholds were measured at 8, 16, and 32 kHz, in WT and APN-KO mice at 2 months and 6 months of age (n ¼ 5-7). At 2 months and at 6 months of age, WT mice did not show any threshold shifts at any frequencies. At 2 months of age, APN-KO mice exhibited a slight increase in ABR thresholds at high frequency (32 kHz) as compared with WT mice (*Po0.01). At 6 months of age, APN-KO mice showed significantly increased (**Po0.01) ABR thresholds at 8, 16, and 32 kHz, as compared with WT mice at the ages of both 2 months and 6 months, and with APN-KO mice at the age of 2 months. This change in APN-KO mice at the age of 6 months was greatest at the high frequency tested (32 kHz) Hair cell loss at the organ of Corti in aged APN-KO mice. Because at 2 months of age the extent of apoptosis was higher in the organs of Corti in APN-KO mice than in those of WT mice, we assessed morphological alterations to the organs of Corti in aged WT and APN-KO mice. Cochlear tissue in the basal turn was stained with hematoxylin and eosin in WT and APN-KO mice at 6 months of age. Hair cells were lost at the basal turn of the cochlea in APN-KO mice, whereas hair cells in WT mice were preserved (Figure 3f , encircled). APN-KO mice also showed severe damage in the regions of spiral ganglion neurons, compared with WT mice (arrow).
To further compare the organs of Corti in aged APN-KO and WT mice, we examined them using scanning electron microscopy (SEM). At 6 months of age, in WT mice three rows of outer hair cells (OHCs) and one row of inner hair cells (IHCs) were present in the organ of Corti at the basal turn of the cochlea (Figure 3g However, in APN-KO mice, at 6 months of age, the OHCs in the basal turn of the cochlea were lost in patches ( Figure 3g , lower panel).
APN supplementation prevents hearing impairment in APN-KO mice. To test whether exogenous APN supplementation prevented the development of hearing impairment, we administered adenoviral vectors via the jugular vein, expressing APN (Ad-APN) or b-galactosidase (Ad-b-gal) as a control, to WT and APN-KO mice aged 1.5 months. We then performed ABR measurements in these mice at 2 months of age. On the sixth day after injection, plasma APN levels were 11.3 ± 1.9 mg/ml in WT/Ad-b-gal,o0.05 mg/ml in APN-KO/Ad-b-gal, and 10.5 ± 1.6 mg/ml in APN-KO/Ad-APN. Ad-b-gal-treated APN-KO mice exhibited an increase in ABR threshold at 32 kHz compared with Ad-b-gal-treated WT mice ( Figure 4a , n ¼ 4, Po0.01). Supplementation with APN in APN-KO mice rescued the hearing impairment that was seen in the Ad-b-gal-treated APN-KO mice (n ¼ 4, Po0.05). We also assessed CBF, capillary density, and apoptosis in the organ of Corti. Supplementation with APN in APN-KO mice increased CBF and the capillary density of the SV, and decreased the frequency of TUNEL-positive cells in the organ of Corti (Figures 4b-d) .
Association of APN with hearing threshold level in apparently healthy men. Finally, we examined whether circulating APN level is associated with hearing threshold in apparently healthy Japanese men. Clinical characteristics of the study population are shown in Table 1 . Mean BMI, blood pressure, hemoglobin A1c, total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides, and creatinine levels were within the normal range. Pure tone average (PTA)-low and PTA-high were 19.4 ± 0.83 dB and 26.8 ± 1.17 dB, respectively. The average of the Log-APN levels was 0.64±0.02 mg/ml. Circulating APN levels correlated negatively with BMI, waist circumference, fasting glucose, and triglycerides and positively with HDL cholesterol (Table 1) .
Plasma APN levels in hearing-impaired subjects (PTA-high425 dB) were significantly lower than those in normal-hearing subjects (PTA-high r25 dB) in the high-frequency range (Log-APN: 0.601±0.025 versus 0.670 ± 0.021 mg/ml, Po0.05). In contrast, APN levels did not differ significantly between the two groups in the low-frequency range (Log-APN: 0.604±0.038 versus 0.650±0.018 mg/ml). Results of logistic regression analysis for hearing threshold are shown in Table 2 . In single logistic regression analysis, age, fasting glucose, and triglycerides were significantly associated with PTA-low. In multiple logistic regression analysis incorporating age, fasting glucose, and triglycerides, age was significantly correlated with PTA-low. In single regression analysis for PTA-high, age and APN levels were correlated with PTA-high. In multiple regression analysis incorporating age and APN levels, both were significantly associated with PTA-high. Thus, low levels of APN are closely linked with the presence of ARHI, particularly high-frequency sensorineural hearing loss.
Discussion
The present study provides the first evidence that APN deficiency contributes to ARHI. APN-KO mice showed exacerbated hearing impairment, whereas exogenous APN could reduce hearing impairment in these mice. Furthermore, plasma levels of APN, together with age, are independently associated with ARHI in apparently healthy subjects. Thus, these data suggest that approaches aimed at normalizing circulating APN levels could be valuable for the prevention of hearing impairment.
Accumulating evidence indicates that APN has favorable effects on vascular responses and endothelial cell functions.
17,26 APN-KO mice exhibit impaired angiogenesis in response to hindlimb ischemia, whereas overexpression of APN promotes ischemia-mediated angiogenesis.
17 APN supplementation has also been shown to stimulate blood vessel growth in both rabbit corneal angiogenesis and mouse Matrigel plug implantation models. 26 The present study showed that APN deficiency leads to decreased CBF and capillary density of the SV. Recently, it was reported that hypoxia/ischemia in the cochlea causes damage to the organ of Corti and induces hearing loss. 20, 21 It has also been reported that reduced CBF and impaired hearing are observed in diabetic mice exposed to loud noise, and ApoE-KO mice fed a high-fat diet. 9, 27 Thus, it is conceivable Adiponectin and age-related hearing impairment T Tanigawa et al that loss of APN leads to hypo-perfusion and subsequent hypoxia/ischemia in the cochlea, thereby contributing to the progression of hearing impairment. It has been suggested that apoptosis of hair cells caused by hypoxia is a key feature of various forms of hearing impairment. 20, 22 In the present study, APN-KO mice showed increased apoptotic activity and loss of hair cells at the organ of Corti. APN also suppressed hypoxia-induced apoptotic activity in cultured auditory HEI-OC1 cells in vitro. Similarly, APN deficiency reportedly causes enhanced apoptosis in the heart following ischemia reperfusion. 24 ,28 APN prevents hypoxia-induced apoptotic activity in cardiomyocytes. 24 Moreover, APN suppresses apoptosis of endothelial cells under conditions of serum starvation. 23 These data suggest that APN prevents the development of hearing impairment, in part, via suppression of the apoptotic activities of endothelial and auditory sensory hair cells in the cochlea.
Collective evidence from numerous clinical studies indicates that low levels of circulating APN are associated with increased prevalence of obesity-linked diseases, including atherosclerosis and ischemic heart disease. 14, 15 Plasma APN levels in apparently healthy subjects are positively correlated with age. However, this correlation does not remain significant when adjusting for obesity-related risk factors. 29, 30 A previous study showed a negative association between plasma APN concentrations and peripheral hearing thresholds in the Taiwanese population. 31 That study evaluated both genders and subjects between the ages of 40 and 86, including healthy adults and subjects with chronic conditions such as heart disease, kidney dysfunction, and diabetes. The present study showed that in apparently healthy middle-aged Japanese men, reduced levels of APN are independently associated with ARHI after adjustment for age. These data suggest that APN levels are predictive of the progression of ARHI. Thus, APN may represent a biomarker not only for metabolic and vascular disorders, but also for ARHI.
This study has several limitations. First, we only investigated whether APN affects early sensorineural hearing loss using male mice and assessed its clinical significance in ARHI in apparently healthy males. In our preliminary investigation, female APN-KO mice also developed exacerbation of hearing impairment, particularly in the high-frequency range, compared with female WT mice (data not shown). A previous study also reported a negative association between plasma APN concentrations and peripheral hearing thresholds in males and females in the Taiwanese population. 31 Thus, we believe that disruption of APN results in an early onset and a progressive course of hearing impairment, regardless of gender. Second, we only explored anti-apoptotic effects with regard to the protective action of APN against ARHI. It has been reported that mechanisms contributing to ARHI include hypoxia-induced apoptosis, oxidative stress, and inflammation. 13, 32, 33 As well as pro-survival effects, APN exerts several other biological effects in various cell types, including anti-inflammatory and anti-oxidant activities. 15 Therefore, future experimental studies will be required to determine the APN-mediated intracellular signaling pathways in auditory organs, to gain a better understanding of its protective modes of action.
In conclusion, we found that disruption of APN results in reduced blood flow and increased apoptosis in the cochlea, thereby leading to ARHI. Furthermore, we demonstrated that circulating APN levels are reduced in subjects with ARHI. Collectively, these data suggest that APN represents a target molecule for the prevention of ARHI.
Materials and Methods Materials. Recombinant human APN protein generated by a mammalian cell expression system was purchased from BioVendor (Asheville, NC, USA). Adenovirus vectors containing the genes for b-galactosidase (Ad-b-gal) and fulllength mouse APN (Ad-APN) were prepared as described previously. 34 Compound C was purchased from Calbiochem (San Diego, CA, USA). Primary antibodies specific for phospho-AMPK (Thr-172), pan-a-AMPK, and cleaved caspase-3 (Asp175) were purchased from Cell Signaling Technology (Danvers, MA, USA). HEI-OC1 cells were a generous gift from the House research institute (Dr. Kalinec F).
Animals. WT and APN-KO male mice on a C57BL/6 background were used for this study. 16 Study protocols were approved by the Institutional Animal Care and Use Committee of Nagoya University.
ABR measurement. At the ages of 2 months and 6 months, mice were subjected to ABR measurement under anesthesia with ketamine (100 mg/kg) and xylazine (9 mg/kg) as previously described. 35 In brief, mice were placed inside a quiet room, and generation of acoustic stimuli and subsequent recording of evoked potentials were performed using a data acquisition system (AD Instruments, Bella Vista, NSW, Australia). Acoustic stimuli consisting of tone bursts (0.1 ms cos2 rise/fall and 1 ms plateau) were delivered monaurally through a magnetic speaker (CF1, Tucker-Davis Technologies, Alachua, FL, USA) connected to a funnel fitted into the external auditory meatus. To record bioelectrical potentials, subdermal stainless steel needle electrodes were inserted at the vertex (ground), ventrolateral to the measured ear (active), and contralateral to the measured ear. Stimuli were calibrated against a 1/4-inch condenser microphone (UC-54, RION, Tokyo, Japan) connected to a measuring amplifier (NA-42, RION, Tokyo, Japan). Responses between the vertex and mastoid subcutaneous electrodes were amplified with a differential extracellular amplifier (ER-1, Cygnus Technology, Delaware Water Gap, PA, USA). Thresholds were determined for frequencies of 8, 16, and 32 kHz from a set of responses at varying intensities with 5-dB SPL intervals, and electrical signals were averaged at 512 repetitions. In cases of scaleout, thresholds were defined as the maximum intensity of the tone burst stimuli plus 5 dB SPL, for statistical analysis. In some experiments, 2 Â 10 8 plaque-forming units of Ad-APN or Ad-b-gal were systemically injected into the tail vein of WT and APN-KO mice at the age of 1.5 months, and ABR measurements were performed.
Analysis of CBF. CBF was measured in WT and APN-KO mice aged 2 months, using a laser-Doppler flowmeter (OMEGA FLOW, FLO-N1, Neuroscience, Tokyo, Japan), as previously described. 36, 37 The left bulla of each mouse was identified and opened carefully using a ventrolateral approach. After removing the mucosa and periosteum overlying the bone, a probe (CS-N type) from a laserDoppler flowmeter was placed over the basal turn of the cochlea, where the maximum output of CBF was measured in arbitrary units (AU). CBF values (mean for 20 s after stabilization) were collected using a computer-based chart-recorder.
Histology. Mice were perfused intracardially with physiological saline, followed by 4% paraformaldehyde in 0.01 M phosphate-buffered saline (PBS) at pH 7.4. Excised temporal bones were immersed in the same fixative at 4 1C for 4 h. The cochleae were dissected from the temporal bones in PBS. Cochlear specimens were then placed into 0.1 M ethylenediaminetetraacetic acid in PBS for decalcification. The samples were incubated with 30% sucrose in PBS at 4 1C before embedding in an OCT compound (Tissue-Tek, Sakura Finetechnical, Tokyo, Japan) and frozen at À 80 1C. Mid-modiolus sections (7 mm in thickness) were sliced and stained with hematoxylin and eosin. 35 To determine the capillary density in the SV, we stained tissue sections with an anti-CD31 antibody (Becton Dickinson, Franklin Lakes, NJ, USA). Capillary endothelial cells were quantified by measuring the number of CD31-positive capillaries per mm 2 of SV (capillary density (per mm 2 ) ¼ number of capillaries/area of SV (mm 2 ) Â 1 000 000) from four different sections in each tissue block. 22 Adiponectin and age-related hearing impairment T Tanigawa et al TUNEL staining of the cochlear was performed using the In Situ Cell Death detection kit (Roche, Mannheim, Germany) as described previously. 24 DAPI was used for nuclear staining. Four different sections from each mouse were examined for the presence of TUNEL-positive cells. The number of TUNEL-positive cells and the total cell numbers were analyzed in each cochlea.
Electron microscopy. Mice were perfused intracardially with physiological saline, followed by 2% glutaraldehyde plus 2% PFA in 0.1 M cacodylate buffer at pH 7.4. Temporal bones were then dissected out and perfused with the above-described fixing solution via round and oval windows. The cochlea was further post-fixed in 2% osmium tetroxide and dehydrated in ethanol for electron microscopy. The specimen was freeze-dried and sputter-coated for observation by SEM (S-800, Hitachi, Japan). 36 Cultures of auditory HEI-OC1 cells. HEI-OC1 cells, a murine auditory cell line, were cultured in DMEM containing 10% heat-inactivated fetal calf serum (GIBCO-BRL, Gaithersburg, MD, USA) and antibiotics at 33 1C under 5% CO 2 . HUVECs were cultured in endothelial cell growth medium-2. 26, 38, 39 After 12 h of serum starvation, HEI-OC1 cells and HUVECs were treated with the recombinant APN protein (30 mg/ml) or the vehicle alone, followed by 24 h under hypoxic conditions. Hypoxic conditions were generated using an AnaeroPack (Mitsubishi GAS Chemical, Tokyo, Japan). TUNEL staining was performed using the In Situ Cell Death detection kit as previously described (Roche). 39 TUNEL-positive cells were counted in five randomly selected microscope fields. Each experiment was repeated three times.
Western blot analysis. The organ of Corti and cell samples were prepared in lysis buffer containing 1 mM PMSF (Sigma, St. Louis, MO, USA). The protein concentration was calculated using a BCA protein assay kit (Thermo Scientific, Waltham, MA, USA). Equal amounts of proteins were separated by denaturing SDS-PAGE. Proteins were transferred onto PVDF membrane (Bio Rad, Hercules, CA, USA) and probed with the primary antibody followed by incubation with the horseradish peroxidase-conjugated secondary antibody. The ECL Plus (GE Healthcare, Princeton, NJ, USA) system was used for detection of the protein signal.
Clinical study. Participants in this study were apparently healthy subjects who visited Chunichi Hospital in Nagoya for a routine checkup between 2006 and 2009. A total of 205 Japanese men with no history of cardiovascular disease and who were not taking any medication participated in this study. All subjects provided written informed consent, and the study was approved by the ethics committee of Nagoya University School of Medicine and Chunichi Hospital.
All audiometry procedures were conducted in a double-walled room. Airconduction pure-tone thresholds at octave intervals from 125 to 8000 Hz were obtained using diagnostic audiometers (AA-73A, Rion, Tokyo, Japan). The thresholds over the predetermined output level, according to the Japanese Industrial Standards T 1201 calibration, were treated as that level plus an additional 5 dB. PTA was calculated for the worse ear. The PTA-low was calculated as the average threshold across the 125-, 250-, and 500-Hz thresholds. The PTA-high was the average across the 2000-, 4000-, and 8000-Hz thresholds. Hearing impairment was defined as PTA greater than 25 dB according to World Health Organization criteria.
Venous blood samples were obtained for chemical analysis after an overnight fast. APN level was determined with the use of a latex turbidometric immunoassay (Otsuka Pharmaceutical Corporation, Tokushima, Japan). Because the distributions of APN were skewed, we used logarithmically transformed values for statistical analysis. Standard assays were used to measure glucose, hemoglobin A1c, insulin, total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides, and creatinine. After an appropriate rest of 10 min, sitting blood pressure was measured. BMI was calculated as the ratio of weight to squared height.
Statistical analysis. All data are presented as mean ± S.E.M. Statistical analysis was performed using ANOVA followed by the Scheffe's method or Mann-Whitney U-test. In the clinical study, the correlations between APN levels and the indicated parameters were examined by single logistic regression analysis. Single and multiple logistic regression analyses were also performed to analyze the correlations of the indicated parameters with hearing impairment (PTA-low425 dB and PTA-high425 dB). A P-value of o0.05 was considered statistically significant. All analyses were performed using JMP (version 6.03; SAS Institute, Tokyo, Japan).
